ever, the influence of the aglycon structure on the antitumor activity has not yet been studied because Las with modified polyketide backbones were not available.
. The putative LndGT4 protein contains all of the wild-type S. globisporus showed the expected 10 kb fragment. When chromosomal DNA from the GT4.1 the motifs suggested to be essential for GTs to transfer L-rhodinose to the acceptor substrate [10]. These data mutant was treated similarly, a 12 kb fragment was detected, indicating that the wild-type copy of lndGT4 was strongly indicate that LndGT4 is responsible for the last deoxysugar transfer during LaE 3 biosynthesis.
replaced by the mutated one (Figure 3) . Restriction analysis of pTGT4.3 with SphI showed the resistance casThe stop codon of lndZ4 overlaps with the start codon of lndZ5 (four nucleotides). The putative translation sette to be incorporated in the same orientation as lndGT4. product of lndZ4 (187 aa) shows 81% similarity to LanZ4, a putative reductase from the S. cyanogenus S136 lanAccording to sequence analysis, lndGT4 should control the last deoxysugar attachment during LaE 3 biosyndomycin cluster [3], and 69% to the putative reductases UrdO and SimA10 from the urdamycin and simocyclithesis. Thus, we expected the lndGT4-minus mutant to accumulate landomycin D 4 (LaD), which contains only none producers S. fradiae Tü 2717 and S. antibioticus Tü 64, respectively [8, 11]. Gene lndZ5 codes for a putaa disaccharide chain, and possibly 8-D-olivosyl-landomycin 8 (Figures 1 and 4) . Surprisingly, the GT4.1 cultive protein of 391 aa, which shows 81% similarity to LanZ5, a putative oxygenase from the LaA 2 producer, tures produced two novel compounds, named landomycins F 6 and H 7, which displayed UV spectra clearly 68% to NcnH, a hydroxylase involved in naphthocyclinone biosynthesis (S. arenae) [12], and 62% to the different from those of the known landomycins. The NMR analysis showed that both compounds lack the ActVA-5 oxygenase from the actinorhodin cluster in S. coelicolor [13] . third sugar (see below), confirming the involvement of lndGT4 in the attachment of the third sugar.
Generation and Characterization of an S. globisporus Mutant
Complementation Studies of the GT4.1 Mutant Complementation of mutant GT4.1 was achieved through with a Disrupted lndGT4 Gene A mutant affecting the lndGT4 gene was generated by expressing the lndGT4 gene (plasmid pKC1218ElndGT4.5) into this mutant. In addition, whether the GT4.1 mutant gene replacement. Suicide plasmid pTGT4.3, containing could also be complemented with the lanGT4 gene from ure 2) or lndZ4 (plasmid pKC1218EBX5) in strain GT4.1 did not alter its production profile. These results clearly S. cyanogenus (plasmid pSElanGT4.3) was assayed. The resulting strains produced the same novel compound, show that the expression of the downstream genes lndZ4lndZ5 was also affected in the GT4.1 mutant. named landomycin G 5, with R f and R t values similar to those of LaE 3 but a different UV spectrum. This indicates that both genes play the same role and that other Structural Elucidation of the Novel Landomycins The known landomycins (LaE 3, LaD 4) were identified enzyme function(s), in addition to the LndGT4 glycosyltransferase, were affected in mutant GT4.1. Since the through TLC, HPLC, and MALDI-TOF, while the structures of the novel landomycins F 6, G 5, and H 7 were aadA cassette from pHP45⍀ is flanked with phage T4 transcriptional and translational terminators, its inserdetermined through mass spectrometry in combination with NMR and UV spectroscopy. tion into lndGT4 could have caused a polar effect on downstream genes. To prove this, further complementaAll three novel compounds were clearly distinguishable from known Las by their light orange color, which tion experiments were conducted concerning the reductase (lndZ4) and oxygenase (lndZ5) encoding genes imindicated an altered aglycon moiety, compared to the typical naphthazarine chromophore, which is dark red. mediately downstream of lndGT4. Expression of genes lndGT4lndZ4lndZ5 (plasmid pKC1218EBX2) in GT4.1 This observation was confirmed by the obtained UV spectra, which for all three new compounds displayed was sufficient to fully restore the LaE 3 production, and strain GT4. Table 3 and discussed below.
Discussion
The [16, 17]. We were interested in applying gene replacement techniques to lnd genes controlling oxygenation and glycosylation steps of the initial polyketide backbone, 5 is a deoxygenated analog of LaE 3, since it has a 16 amu lower mass. Subsequent high-resolution ESI-MS thus leading to novel bioactive compounds. In this study, we aimed at the GT gene lndGT4, a lanGT4 homoconfirmed the corresponding molecular formula of C 37 H 44 O 13 . Likewise, LaF 6 and LaH 7 were identified as log. To disrupt lndGT4, the spectinomycin resistance cassette aadA was used. The S. globisporus mutant being the deoxy-derivatives of the originally expected LaD 4 and a thus far not found monoglycosylated landowith a replaced lndGT4 gene was expected to produce landomycin D 4. However, the mutant GT4.1 was shown mycin, respectively.
The NMR spectra of LaG 5 were widely identical to to accumulate two novel compounds, LaF 6 and LaH 7. LaF 6 is 11-deoxylandomycin D and LaH 7 is the those of LaE 3 (Tables 1 and 2 ). However, a major difference was found in the aromatic ring D of the aglycon, monoglycosylated 11-deoxylandomycinone. Expression of lndGT4/lanGT4 in the GT4.1 mutant led to the which displayed an additional proton signal at ␦ ϭ 7.72 in the 1 H-NMR compared to LaE 3, as obvious from production of landomycin G 5 (LaG), i.e., 11-deoxyLaE (meaning that LndGT4 controls the attachment of the integration. Thus, instead of the two typical doublets found for 9-H and 10-H in the usual landomycins, three terminal deoxysugar L-rhodinose during LaE 3 production), but the reconstitution of the 11-OH group was signals were observed that overlap and couple to each other and appear as a higher-order system. Consisnot achieved by this complementation. These results suggest that lndGT4 disruption had a polar effect on tently, the signal for C-11 at ␦ ϭ 151.2 in the Although there is no direct experimental evidence for the function of LndGT2, indirect evidence exists: since lndGT1 has a striking resemblance to lanGT1, whose mycin. Although the precise sequence of reactions refunction was clearly established through gene combinamains speculative, it is likely that the C11-hydroxylation tion experiments [16, 17] , it can be safely assumed that occurs directly after the attachment of the first D-olivose LndGT1 is the olivosyltransferase, which adds the sec- (Figure 4, path A) and not prior to this glycosylation step ond olivose to the saccharide chain. The role of LndGT4 (Figure 4, path B) .
was unambiguously established in the work described At this stage, we also cannot sufficiently explain the here. Thus, it is only logical to assume that the only role of the putative reductase LndZ4 for the oxygenation remaining GT, LndGT2, is responsible for starting the of the C11-position of LaE 3. Little is known about oligosaccharide chain by transferring the first olivose to LndZ5's class of oxygenases, but possible scenarios the aglycon. Considering the similarity of LndGT2 with include a supporting or reconstituting function of LndZ4
LanGT2 and the demonstrated high substrate specificity (e.g., cofactor regeneration) required directly for the caof LanGT2 [16] , it would be surprising if LndGT2 were talytic cycle or a necessary structural protein-protein flexible regarding its aglycon acceptor substrate. Thus, interaction in the enzyme cluster. Further studies of we favor a sequence of events in which the first glycosylation step occurs before the hydroxylation of the 11 position (Figure 4, path A) . If the 11-hydroxylation occurs mor antibiotics with regard to the aglycon moiety. [22] , which was used to perform intergeneric conjugations, was a gift from C.P. identity with lndGT4. Finally, lndGT4 was excised as an XbaI-EcoRI fragment from pBSKlndGT4.5 and cloned into the corresponding Smith (University of Manchester, UMIST, United Kingdom). Plasmids pBluescriptIIKS Ϫ /SK Ϫ and pUC18 were used as vectors for subclonsites of pKC1218E, giving pKC1218ElndGT4.5.
